Plant water loss and CO 2 uptake are controlled by valve-like structures on the leaf surface known as stomata. Stomatal aperture is regulated by hormonal and environmental signals. We show here that stomatal sensitivity to the drought hormone abscisic acid (ABA) is acquired during leaf development by exposure to an increasingly dryer atmosphere in the rosette plant Arabidopsis. Young leaves, which develop in the center of the rosette, do not close in response to ABA. As the leaves increase in size, they are naturally exposed to increasingly dry air as a consequence of the spatial arrangement of the leaves, and this triggers the acquisition of ABA sensitivity. Interestingly, stomatal ABA sensitivity in young leaves is rapidly restored upon water stress. These findings shed new light on how plant architecture and stomatal physiology have coevolved to optimize carbon gain against water loss in stressing environments.
Plant water loss and CO 2 uptake are controlled by valve-like structures on the leaf surface known as stomata. Stomatal aperture is regulated by hormonal and environmental signals. We show here that stomatal sensitivity to the drought hormone abscisic acid (ABA) is acquired during leaf development by exposure to an increasingly dryer atmosphere in the rosette plant Arabidopsis. Young leaves, which develop in the center of the rosette, do not close in response to ABA. As the leaves increase in size, they are naturally exposed to increasingly dry air as a consequence of the spatial arrangement of the leaves, and this triggers the acquisition of ABA sensitivity. Interestingly, stomatal ABA sensitivity in young leaves is rapidly restored upon water stress. These findings shed new light on how plant architecture and stomatal physiology have coevolved to optimize carbon gain against water loss in stressing environments.
Results and Discussion
Transpiration Decreases during Leaf Development in Arabidopsis Stomata are pores, typically found on leaves, that help to regulate the uptake of CO 2 and the loss of water vapor during transpiration. They first appeared in the fossil record approximately 420 million years ago, and their acquisition has, together with the presence of a vascular system and waxy cuticle, been deemed critical for the successful colonization of the terrestrial environment by the early embryophytes [1, 2] . Stomatal aperture is controlled by the turgor of the two specialized cells, known as guard cells, that surround the pore. By integrating internal cues and external signals, guard cells optimize leaf gas exchange to suit the prevailing conditions [3, 4] . Although recent years have been marked by significant advances in our understanding of stomatal opening and closure [5] and stomatal development [6, 7] , surprisingly very little attention has been paid to investigating the responsiveness of stomata during the course of leaf development [8] . Understanding stomatal functioning in the developing leaves is important because it directly impacts carbon and water relations and thus governs leaf growth [9] .
To gain insights into the functioning of stomata during leaf development, we measured leaf transpiration from leaf emergence to full expansion in the Col-0 accession of Arabidopsis thaliana. Arabidopsis displays a rosette-type architecture with the youngest leaves growing in the center and increasingly older leaves radiating outward. This architecture allowed us to study the influence of leaf ontogeny on stomatal functioning, regardless of whole-plant ontogeny [10] , by collecting all the growing leaves of the rosette at the same time and expressing the developmental stage of each leaf as the percentage of the final area observed in mature leaves. Because the youngest leaves are not amenable to analysis using gas-exchange techniques due to their small size (a few mm 2 ), transpiration was monitored gravimetrically on excised leaves in a controlled-environment chamber. Transpiration per unit leaf area fell off dramatically during leaf ontogeny ( Figure 1A) , with young leaves exhibiting high transpiration, whereas in marked contrast, transpiration in older leaves was greatly reduced. This result was confirmed on intact plants using thermal imaging under stable conditions as a proxy for transpiration [11] . As expected from the cooling effect of evapotranspiration, leaf temperature was lower in young leaves than in fully expanded leaves (Figure 1B) . This supports the conclusion that flux of water vapor is higher in young leaves than in older, fully expanded leaves.
The Decrease in Transpiration Is Consistent with a Gradual Closure of Stomata during Leaf Development We investigated the possible origin of this striking decrease in transpiration associated with leaf ontogeny. First, we tested the possibility that nonstomatal epidermal transpiration could be responsible for this ontogenetic transpirational decrease. To investigate whether the deposition of an increasingly ''waterproof'' waxy cuticle during leaf ontogeny might account for our results, we measured transpiration of young leaves and fully expanded leaves in either cer1 or CER1-OE mutants that exhibit, respectively, reduced and increased abundance in leaf cuticular waxes [12] . Irrespective of the leaf developmental stage, genetic modification of wax deposition did not significantly alter transpiration compared with the wild-type Col-0 (see Figure S1A available online). This indicates that cuticle has a minor contribution to transpiration in our conditions and could not explain the difference between young and fully expanded leaves. Leaf epidermis of wild-type plants is also covered by trichomes, which increase the exchange area of the leaf with the atmosphere. We observed that trichome density decreases hyperbolically during leaf development (Figure S1B) . The resulting higher exchange surface per unit leaf area in the youngest leaves could therefore be the cause of their higher transpiration. However, the absence of trichomes in the glabrous accession Col-5 did not abolish the ontogenetic decline in transpiration as observed in Col-0, ruling out high density of trichomes as responsible for higher transpiration in young leaves ( Figure S1C ). We further examined whether the decrease in transpiration was related to a reduction in stomatal density resulting from an early differentiation of stomatal pores followed by their dilution at the leaf surface as expansion progresses. Stomata exhibiting visible pores were counted at several leaf developmental stages. Changes in stomatal density on both abaxial and adaxial epidermis did not parallel changes in transpiration throughout leaf ontogeny ( Figure 1C ): contrasting with the ontogenetic decline in transpiration, a slight increase in stomatal density was observed during the first half of leaf development like in many species [13] . We also investigated the relationship between stomatal aperture and leaf ontogeny. Leaves of contrasting developmental stages were excised in the middle of the day and immediately frozen until observation under a controlled pressure scanning electron microscope. This experiment provides a snapshot of the leaf surface without denaturing the microenvironment and thus offers a close access to the stomatal properties in planta. Stomata with a visible pore were slightly smaller and rounder in the young leaves than in the fully expanded leaves ( Figure 1D ), consistent with a simultaneous development of the leaf and the stomata [14, 15] . Stomatal aperture was then quantified as the ratio between pore width and length. Interestingly, stomatal aperture decreased during leaf development ( Figure 1D ). This result supports the conclusion that a gradual reduction in stomatal aperture may drive a decrease in transpiration during leaf ontogeny.
Stomatal Sensitivity to ABA Increases during Leaf Development
What might be the explanation for the reduction in stomatal aperture with leaf development? One obvious possibility would be the involvement of the drought hormone abscisic acid (ABA), which promotes stomatal closure [5, 16] and inhibits stomatal development [17] . We therefore tested whether the ontogenetic pattern of transpiration that we observed was related to an ontogenetic pattern of ABA accumulation or sensitization to this hormone. We measured the developmental gradient of transpiration in mutants affected in ABA biosynthesis or signaling. Strikingly, the ontogenetic decline in transpiration was strongly attenuated in all ABAinsensitive mutants (abi1-1, abi2-1, ost2-2) and ABA-deficient mutants (aba1-5, aba2-2) compared to their wild-type relatives ( Figure 2A for the Col-0 background and Figure 2B for the Ler background). Consistent with its only mild ABA-deficient phenotype, nced3-5 partially maintained the decline in transpiration. Conversely, this gradient was amplified in an ABA overproducer (NCED6-OE) and in an ABA-hypersensitive double mutant (hab1-1 abi1-2). A clustering analysis statistically confirmed that the ontogenetic transpiration patterns of the different genotypes were grouped in close accordance with their capacities to synthesize or sense ABA ( Figure S3A ). This ranking between genotypes strongly supports the conclusion that, in wild-type plants, stomata of the youngest leaves are insensitive to ABA and wide open, whereas stomatal aperture of older leaves is reduced by ABA with an increasing effect as the leaf develops. To further test this possibility, we investigated the effect of exogenous ABA on the ontogenetic pattern of transpiration. Reduction of transpiration upon ABA spray was only weak in young leaves compared with fully expanded leaves ( Figure 2C ). Measurements of stomatal aperture on isolated epidermis of Col-0 confirmed that stomata of young leaves are insensitive to ABA ( Figure 2D ). Exogenous ABA was also applied to intact ABA-deficient mutants and restored the ontogenetic transpiration gradient (e.g., Figure S2A ), confirming that difference in stomatal closure between young and older leaves is caused by the hormone. ABA-insensitive mutants maintained an attenuated developmental gradient, yet they exhibited a residual response to ABA in the fully expanded leaves as already observed in planta [18] (e.g., Figure S2B ). Overall, a clustering analysis performed on the ontogenetic gradient of transpiration in all ABA-treated genotypes clustered the genotypes together according to their capacity to sense ABA (i.e., ABA-insensitive mutants against all other genotypes; Figure S3B ). These results demonstrate that stomata are insensitive to ABA in the youngest leaves and acquire ABA sensitivity during the course of leaf ontogeny, which underlies the ontogenetic decline in transpiration.
Darkness, like ABA, triggers stomatal closure. Interestingly, transpiration was virtually unaffected at night in young leaves, whereas it was substantially reduced in older leaves (e.g., Col-0 in Figures 2C and S3C) . A stomatal origin of these differences was confirmed on isolated epidermis of Col-0 where stomatal response to darkness was much higher in fully expanded leaves than in young leaves ( Figure 2D ). Mutants affected in ABA biosynthesis or sensitivity still clustered together, with transpiration of their fully expanded leaves less affected by darkness than in the wild-type plants ( Figures S2 and S3C ). This suggests that ABA production and sensing participate in maintaining stomatal closure at night in developed leaves [19] . In line with this, when exogenous ABA was added at night, a further decrease in transpiration was observed in fully expanded leaves of all genotypes, excluding ABA-insensitive mutants ( Figures 2C, S2, and S3D) . On the contrary, in young leaves, a residual, positive effect of ABA at night was repeatedly observed on transpiration. Because young and fully expanded leaves are hydraulically connected, it seems very likely that the combination of darkness and ABA triggered an extreme stomatal closure in fully expanded leaves, which improved plant water balance and resulted in higher transpiration in the young leaves [20] . Overall, clusters of genotypes were principally determined by transpiration of the oldest leaves according to the ability of each genotype to sense ABA, whereas weak sensitivity of transpiration to darkness and ABA was observed in young leaves of all genotypes (Figure S3D) . We conclude that Arabidopsis stomata acquire sensitivity to ABA during leaf ontogeny, making them increasingly responsive to both ABA and darkness, and resulting in progressive closure during leaf ontogeny.
Insensitivity to ABA in young leaves is unexpected, especially as stomata of young leaves are smaller than in fully expanded leaves ( Figure 1D ), while across species, stomatal movements in response to various stimuli are faster in small stomata [21, 22] . Because stomata of young leaves are also rounder and probably less mechanically operational than in fully expanded leaves (Figure 1D ), elongation and maturation of guard cells could facilitate the developmental acquisition of stomatal responsiveness to ABA. This is consistent with the observation that STOMATAL CARPENTER 1 (SCAP1), a Dof transcription factor involved in the acquisition of stomatal functioning, regulates the expression of genes related to both ABA signaling pathway and maturation of the cell walls of the stomatal pore [8] . Thus, the acquisition of stomatal response to ABA could be mediated both directly, through the recruitment of genes involved in the ABA signaling pathway, and indirectly, through the maturation of guard cell mechanics.
Rosette Architecture Creates a Spatial Gradient in Atmospheric Humidity that Drives a Temporal Priming of Stomatal Sensitivity to ABA ABA is also known to be involved in stomatal responses to atmospheric relative humidity (RH). On exposure to reduced RH, ABA is synthesized, which prevents full stomatal opening and excessive transpiration [23] . Conversely, high RH induces ABA catabolism and stomatal opening [24] . Interestingly, plants grown under high RH show a weak stomatal response to ABA [25, 26] . We therefore hypothesized that high RH around young leaves could be the primary environmental signal maintaining stomatal insensitivity to ABA, whereas older leaves are sensitized to ABA by being exposed to lower ambient RH. We first confirmed that high RH is encountered close to young leaves regardless of ambient air conditions. The evidence to support this was obtained by using a theoretical model of leaf 18 O enrichment (Supplemental Experimental Procedures) that would only fit the data if the level of RH experienced by leaves decreased during leaf ontogeny ( Figures 3A,  3B , and S4). The conclusion that high RH conditions are maintained at the heart of the rosette is consistent with the arrangement of the young leaves, which increases the boundary layer resistance and prevents bulk air of decreased RH from reaching the youngest leaves. We then showed that blowing dry air for 1 day at the rosette center sensitizes stomata of the young leaves to ABA: transpiration of young leaves was more reduced by ABA in plants primed with low RH treatment than in unprimed, control plants ( Figure 3C ). Reciprocally, growing Arabidopsis plants at high (100%) RH makes the fully expanded leaves less responsive to ABA than at control (70%) RH (Figures 4A and 4B ). All these experiments support the suggestion that maintenance of high RH conditions around leaves is responsible for the postponement of stomatal sensitization to ABA. This could be due to a decrease in endogenous ABA level, and/or alteration in ABA signaling cascades, as suggested by the downregulation under high RH of one gene (NCED3) that encodes an enzyme involved in a key step of ABA biosynthesis and two genes (HAB1, OST1) involved in ABA transduction in guard cells ( Figure 4C ). These results obtained under high RH are consistent with a developmental series of leaf transcriptomics showing that the ABA signaling pathway is preferentially recruited in developed leaves [27] . Interestingly, spraying ABA 1 day prior to stomatal bioassays on plants grown under high RH largely restored stomatal sensitivity to ABA (Figures 4A and 4B) and strongly upregulated the expression of the genes previously mentioned ( Figure 4C ). Together, these data indicate that the ontogenetic acquisition of ABA responsiveness is primed by exposure to reduced RH. This echoes early observations showing that stomata get more responsive to ABA when plants are preexposed to water stress compared to well-watered conditions [28, 29] , suggesting a common priming mechanism between drought, low RH, and ABA pretreatment.
That the ABA priming under high RH increased the expression of genes involved not only in ABA signaling but also in ABA metabolism ( Figure 4C ) argues strongly for the importance of a local ABA synthesis to sensitize stomata to ABA. Several lines of evidence suggest that the priming of ABA responsiveness is barely related to the ABA level of the bulk leaf but requires a local ABA synthesis, presumably in the guard cells. Some early studies showed that even though ABA accumulates in young leaves under water stress, stomata tend to remain open, and leaf water potential decreases [30, 31] . Furthermore, although fully expanded leaves provide young leaves with much more ABA than young leaves synthesize themselves [32, 33] , it seems likely that the imported ABA is compartmented so that it is not effective in inducing stomatal closure [34] . Thus, the ABA level measured in the bulk leaf is difficult to interpret in regard to the ABA level actually sensed by stomata. Accordingly, the first detectible increase in ABA under water stress occurs in guard cells and not in the bulk leaf tissue [35] . This is in line with the recent finding that the stomatal closure response to reduced RH depends on ABA that is synthesized by guard cells in a cell-autonomous manner [36, 37] . We conclude that changes in the microclimate within the Arabidopsis rosette leads to an ontogenetic hardening of stomata, through a gradual exposure of the leaf to reduced RH, which impairs leaf water relations and thereby triggers an activation of ABA metabolism and signaling.
In addition to the architecture-induced gradient in RH, other processes could cause priming of stomatal sensitivity to ABA through developmental differences in leaf water relations. The water potential and turgor of a growing leaf in a given environment depends not only on its conductance to water vapor but also on its liquid phase hydraulic conductance, its osmotic potential, its growth rate, and the water potential of the other leaves of the plant [9] . All of these components vary during leaf development. Moreover, different processes in a given leaf have different thresholds of sensitivity to water stress [38] , and these thresholds vary as a function of leaf age and its stress history [39] [40] [41] [42] . Further research is required to identify which processes in the leaf may amplify the effect of the RH gradient that triggers the developmental acquisition of stomatal sensitivity to ABA.
Postponing Stomatal Sensitivity to ABA through Rosette Architecture: Physiological Relevance Maintaining stomatal insensitivity to closure signals in young leaves is favorable to the diffusion of atmospheric CO 2 to meet photosynthetic demands but could also critically impair the capacity to tolerate water stress. However, in Arabidopsis plants exposed to severe water stress, the youngest leaves wilt much later than the oldest leaves ( Figure 3D ). In other species, the young leaves also rapidly acclimate to water stress [30, 33] . This acclimation is consistent with our priming experiment where dry air was blown ( Figure 3C) , showing that stomata of young leaves have the potential to acquire their response to ABA earlier than usually dictated by the developmental program. Nonetheless, it should be mentioned that the late-wilting phenotype of the young leaves could be due to multiple processes acting together with the rapid acquisition of stomatal sensitivity to ABA. For example, a high osmotic adjustment capacity in the young leaves would facilitate their turgor maintenance [41] . Furthermore, in the fully expanded leaves, an ABA-induced decrease in leaf hydraulic conductance would reduce their water supply and accelerate their wilting [18, 43] . Thus, signals of several origins are likely to act under water stress to favor turgor maintenance in the vicinity of the shoot apical meristem. So, what could be the physiological relevance of postponing the stomatal sensitivity to closure signals? One key fact to remember is that the growth of young leaves is very dependent on carbon supply [10] . Our isotopic analysis suggests that, in spite of higher stomatal aperture in the young leaves, transpiration in planta is similar in young and fully expanded leaves, because higher RH in the rosette center reduces the driving force for transpiration and thus compensates for the larger stomatal aperture ( Figure S4 ). This is consistent with the mean temperature recorded in young and fully expanded leaves being similar when assayed under non-steady-state growth conditions ( Figure S4B ), as opposed to steady-state conditions ( Figure 1B) where environmental gradients were minimized. Thus, during the daytime, a wide stomatal aperture in the young, rapidly growing leaves allows high gains of CO 2 without dramatic water loss; at night, open stomata accelerate the rate of photoassimilate translocation from the older, source leaves [44, 45] . We propose that Arabidopsis has solved the trade-off for optimal growth between carbon gain and water loss through the ontogenetic priming of stomata. This priming is enabled by the plasticity of ABA signaling and the rosette architecture, which provides a protective shell of high humidity in the vicinity of the youngest growing leaves. Our findings thus shed the light on a mechanism of stress tolerance that is self-induced during leaf development and suggest a hydraulic-metabolic significance for the evolution of rosette architecture. In fully expanded leaves under high RH, stomata are barely sensitive to ABA, but their sensitivity can be rescued by an ABA application the day prior to the bioassay (A and B), in line with the upregulation of some genes of the ABA machinery (C). Error bars represent mean 6 SEM; different letters above bars indicate significant differences between values after a Kruskal-Wallis test at p < 0.05. See also Table S1 .
(A and B) Stomatal aperture (A; n = 60 stomata 3 3 replicates) and ABA-induced decrease in stomatal aperture (B; n = 3; each replicate is the average of 60 stomata) under control or high RH and primed or not with ABA.
(C) Relative changes in gene expression induced by high RH and by ABA priming (n = 3). ABA2 and NCED3 are involved in ABA anabolism, CYP707A3 in ABA catabolism, and the other genes in ABA signaling.
